In the present study, the flow characteristics of a spatially evolving plane jet are investigated, focusing on the dynamics of coherent structure (CS), flow transition, and evolution. Instantaneous and statistical properties obtained by direct numerical simulation (DNS) are discussed noting the influence of the Reynolds number, by analyzing the velocity and scalar fields. It is discovered that the plane jet is clearly dependent on the Reynolds number, especially in the near field. The evolution and scale of CS have a strong dependence on the Reynolds number, which shows significant effects on the transport of the momentum and scalar. The increase of the Reynolds number develops a more contorted interface between the ambient fluid and plane jet, with a smaller scale. A moderate Reynolds number is a good condition for the study of the transition from a laminar jet to a turbulent jet in detail. The results show that, because of a low Reynolds number, the growth of two initial shear layers at the jet boundary is accelerated and the velocity fluctuation is advanced from two-dimensional to three-dimensional. Furthermore, the Reynolds number dependency of the plane jet is more significant on the condition of low Reynolds number.
Introduction
Jets, as the prototypical free shear flows, are significantly important in research on flow dynamics, and are technologically interesting in a considerably wide variety of engineering applications containing combustion, the discharge and dilution of pollutants, jet cutting, cooling, and mixing. In the study of jets, the plane jet is often a preferred topic, considering the simple geometry and boundary conditions. From the available literature, research related to the plane jet can be traced back to the 1930's, which began with the numerical study of Schlichting (1933) . Forthman (1934) published the first experimental work on the plane jet, which measured the mean velocity of a plane air wall jet, called the partially open jet in his paper. In the work of Knystautas (1964) , the self-similarity of plane jets was first revealed based on the mean velocity profiles by studying the merging of a long line of identical jets in a still ambient fluid. The influence of the Reynolds number on axial turbulence intensity was assessed in the study of Heskestad (1965) , which was the first work on the Reynolds number dependency of plane jets. During the last eighty years, substantial experimental studies have been performed to explore the characteristics of mean and fluctuating flow fields in the plane jet (Miller and Comings, 1957; Bradbury, 1965; Gutmark and Wygnanski, 1976; Thomas and Goldschmidt, 1986; George, 1989; Lofdahl et al., 1994) . The most recent experimental data were provided by Deo et al. (2013) .
Regarding another important study method for fluid dynamics, numerical simulation has been used to investigate the plane jet since the temporal simulation carried out by Comte et al. (1989) . After that, Dai et al. (1994) , Stanley and Sarkar (1997) , Stanley et al. (2002) , Klein et al. (2003) , Liu et al. (2008) , Wu et al. (2013) , and others carried out the numerical simulation of plane jets separately.
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The previous studies on plane jets show that the effects of the initial conditions on flow properties (Heskestad, 1965; Gutmark and Wygnanski, 1976) and the dynamical significance of coherent structure (CS) (Thomas and Goldschmidt, 1986; George, 1989) are two issues of great attention. First, the initial profiles at the jet exit significantly affect the initial free shear layer characteristics so as to cause significant differences in the evolving flow properties of the plane jet (Lofdahl et al., 1994; Antonia and Zhao, 2001) . Further, CSs are expected to play important roles in processes such as momentum and scalar transport, chemical mixing, and noise generation (Suresh et al., 2008; Comte et al., 1989) .
Surveying the previous works, we can understand that quantitative comparison among experimental data is difficult owing to the differences in experimental conditions, such as background turbulence and large-scale motions, i.e., draughts (Deo et al., 2008) . In that sense, numerical simulation is a good choice for our study. In the numerical simulation of plane jets, direct numerical simulation (DNS) and large eddy simulation (LES) are getting popular. Regarding these methods, the validity of LES is closely connected to the modeling of sub-grid scales in different flow conditions (Stanley et al., 2002) ; however, a universal qualifying model has not been established yet. Therefore, we perform DNS on the plane jet, which will ensure an accurate solution.
Recently, it has become a common belief that CS determines, to a large degree, the evolution and dynamics of jets, especially in the near field region with a moderate exit Reynolds number. Relevant studies have been presented for round jets (Matsuda and Sakakibara, 2005; Shinneeb et al., 2008) . However, there are few works on plane jets focusing on this aspect.
In our previous publication (Wu et al., 2013) , the Reynolds number dependency was proved important in the evolution of the plane jet. By the analysis of the mean and turbulent data of streamwise velocity and scalar, it is discovered that a large Reynolds number at the jet exit will assist the achievement of self-similarity and the development of turbulence. Furthermore, the results of CS visualization also showed some dependency on the Reynolds number, which motivated us to carry out further studies on this topic.
Based on the above analysis, the main object of the present work is to provide information on the dynamics of the CS and to address the importance of the contribution of CS to the momentum and scalar transport considering the influence of the exit Reynolds number. The process of evolving, pairing, and tearing of CSs in turbulent plane jets is visualized using instantaneous velocity and pressure data. The effects of CS on flow evolution are observed for different Reynolds numbers, especially in the near field region, where the phenomena has not been made clear in the previous works. Moreover, the interface between the ambient fluid and the plane jet is discussed using the data of the scalar field; meanwhile, the profiles of the convective and the turbulent transport terms in the transport equations of the mean streamwise velocity and mean scalar are discussed, which reveal the role played by large scale CS in the progress of momentum and scalar transport. In addition, the influence of the Reynolds number on momentum and scalar transport are also discussed.
Governing equations and numerical procedure
In this study, the conservation equations of mass and momentum, and the scalar transport equation in their instantaneous local dimensionless form for an incompressible flow are investigated. These equations are denoted in tensor notation as { where the dimensionless parameters consist of (the time variable), and (the location variable), and (the instantaneous velocity), (the instantaneous pressure), and (the instantaneous scalar); Pr (= ⁄ : is the kinematic viscosity and α is the thermal diffusivity) is the Prandtl number, and Re (= ⁄ ) is the Reynolds number at the jet exit.
(the height of jet exit), (the momentum-averaged exit mean velocity), (the flux-averaged exit mean scalar), and their combinations are used to non-dimensionalize the variables in the governing equations. In the following sections of this paper, the prime " ′ " is used to represent dimensionless variables. Figure 1 shows the schematic of the computational domain, where is the streamwise coordinate, is the lateral coordinate, and is the spanwise coordinate. The jet exit is set in the middle of the inlet plane (the plane). The domain size is × × ( ⁄ × ⁄ × ⁄ ) 4 × 4 × 3 . In DNS, governing equations are solved based on the finite difference method on the Cartesian mesh. Uniform grids are set in the streamwise and spanwise direction. Non-uniform grids are set in the lateral direction, where the finer grids are set near the jet center, and the change of grid scale follows a hyperbolic tangent function, as used in our previous study (Wu et al., 2013) .
Fig. 1 Schematic of the computational domain
The numerical method presented by Le and Moin (1991) is used to solve the governing equations, which is based on the fractional step method in conjunction with the predictor-corrector technique of the Runge-Kutta genre. Central differences are used for spatial discretization. Temporal discretization is based on a hybrid implicit/explicit method, in which only the viscous terms along the lateral direction are discretized using the implicit second-order Crank-Nicolson scheme, and the explicit third-order Runge-Kutta scheme is used to discretize the other terms. The implicit treatment of the viscous terms along the lateral direction can eliminate the numerical viscous stability restriction, which is particularly severe for the near boundaries where stretched meshes are used, and the low-Reynolds-number flows, as in our case (Kim and Moin, 1985) . Staggered grids are used for avoiding the discretization error arising from the odd-even decoupling between pressure and velocity, which occurs in the discretization of the partial differential flow equations on a mesh with collocated variables (Peric et al., 1988) . On staggered grids, the scalar and pressure variables are stored in the cell centers of the control volumes, and the velocity or momentum variables are located on the cell faces. Figure  2 illustrates the staggered grids in two dimensions. 
Initial and boundary conditions
In the simulation, the streamwise mean velocity profile at the jet exit has a top-hat shape and the mean lateral and spanwise velocities are initialized as zero, while the pressure is uniformly set to zero. The typical Reynolds number (Re) for a plane jet is defined by the momentum-averaged exit mean velocity ( ) and the height of the jet exit ( ). It is known that appears to be the lowest value for the flow transition to turbulence at a rough entrance (Fung, 1990) , following this point, three values of Re (1,000, 2,000, and 3,000) were chosen as the typical Re at the jet exit, which allow us to investigate the entire transition process of the plane jet.
For resolving the smallest spatial scale (Kolmogorov microscale) in the plane jet, the grid scale at each location in the computational domain should be smaller than the corresponding Kolmogorov microscale. Based on the empirical equation proposed by Friehe et al. (1971) , 4 ⁄ where is the Kolmogorov microscale, Re is the exit Reynolds number, and is the streamwise coordinate, the values of will be 0.047 for , 0.028 for , and 0.021 for 3 at the location ⁄ . In consideration of the capacity of an available scientific computer, the numbers of grids numbers were set to: 356( ) × 356( ) × 80( ) for , 556( ) × 556( ) × 120( ) for and 756( ) × 756( ) × 160( ) for 3 . In all three Re conditions, the initial fluctuation intensity of the flow at the jet exit is set to be 1% of the mean flow for both the velocity and scalar fields. All of mean scalar distributions at the jet exit are set to be the top-hat profile with the same scalar flux. We set the Prandtl number to 1.0 for all conditions. Furthermore, a weak co-flow has been added surrounding the jet in DNS, where the ratio of the velocity between the co-flow and the jet is 0.0599. One time step in the simulation is equal to .
⁄ . For the velocity variables, the lateral boundary condition is set as the Neumann boundary condition, ⁄ ; for the pressure and scalar variables, the Dirichlet boundary condition is used at the lateral boundary, and . The convection outflow condition is applied for all cases at the downstream exit, and for all quantities, the periodic boundary condition is imposed in the spanwise direction. The statistics presented in this paper are calculated by averaging in time, based on the data from 20,000 time steps, as well as across the homogeneous spanwise direction. 
Results and discussion 4.1 Coherent structure
In this subsection, the CS in plane jets is identified by performing flow structure visualization schemes based on the low pressure isosurfaces and the -criterion. It should be noted that only the most intense vortices in flow evolution can be visible through the visualization based on the pressure. However, the -criterion not only displays some intense structures but also provides a considerably more detailed view of the other small-scale structures (da Silva and Metais, 2002). The -criterion was named after the second invariant of the velocity gradient tensor ⃑ (Hunt, Wray, and Moin, 1988) ,
where ( ⁄ ⁄ ) ⁄ is the antisymmetric component of ⃑ , ( ⁄ ⁄ ) ⁄ is the symmetric component of ⃑ , and represent the components of the instantaneous velocity, and and represent the coordinates in a three-dimensional Cartesian coordinate system. Figure 3 shows the CS in the plane jet for the three conditions by visualizing the isosurfaces of and , where ⁄ ⁄ . , is the dimensionless second invariant of the velocity gradient tensor, ⁄ . , is the dimensionless value of the instantaneous pressure , and is the density of the flow medium. The choice of the threshold values of and is based on the study of Dubief and Delcayre (2000) . Moreover, the unit length in Fig. 3 represents 5. , and the same unit length is used in Figs. 4 and 6. In each figure, the jet exit and the locations of the occurrence and merging of the CS are separately marked.
The isosurfaces of low pressure highlight the big rollers (spanwise vortices), which are remnants of the KelvinHelmholtz vortices, generated from the initial velocity difference across the interface between the ambient flow and the plane jet. The isosurfaces of show the smaller vortices with smaller preferential spatial orientation compared to the larger vortices, which are basically spanwise and streamwise.
The exit Reynolds number dependency of the evolution of the CS is also presented in Fig. 3 . An increase in the exit Reynolds number advances the occurrence and merging of the CS, and in this case, the dimension of the section in the plane is smaller for the large CS (green structures). At the early stage of CS evolution, more organized and larger vortices with the lower Re strengthen the entrainment of the ambient fluid in the development of the plane jet, which corresponds to the larger decay rate of the mean velocity and scalar field (as seen in Fig. 7 ) and larger fluctuations (as seen in Fig. 8 ). 
Interface between the ambient flow and the plane jet
Following several previous works (e.g., Prasad and Sreenivasan, 1989, Westerweel, et al., 2002) , the interface between the ambient flow and the plane jet will be defined based on the instantaneous scalar field in our study, where the interface is visualized by detecting a local minimum (0.1 in the present work) of the scalar value between the irrotational external flow (the scalar value is zero) and the jet region (the scalar value is larger than zero). Figure 4 shows the top view of the interface for the three conditions with different exit Reynolds numbers, where the locations of the occurrence and merging of the CS are marked by red and blue lines respectively. The interface shows very strong convolutions with a large range of length scales.
The evolution of the integral length scale ( ) along the centerline of the plane jet is shown in Fig. 5 , where, the integral length scale is calculated based on
where 〈 〉 is the turbulent kinetic energy per unit mass ( ⁄ ), ε is the energy dissipation rate per unit mass ( ⁄ ), and is a model parameter whose value is typically given as 0.09. The value of the integral length scale along the jet centerline firstly decreases and then increases, which is same as the evolution of the contortions of the interface, as shown in Fig. 4 .
A closer view of the complexity of the interface between the ambient flow and the plane jet can be captured by observing the interface envelope lines, defining the upper and lower interfaces, as shown in Fig. 6 . The locations of the occurrence and merging of the CS are also marked in that figure by the red and blue lines, respectively.
Based on the information presented in Figs. 4 and 6, it can be observed that in the region, close to the jet exit, the initial development of the interface is stable, and then, two-dimensional development is induced. Finally the occurrence and merging of the CS stimulates the three-dimensional contortion of the interfaces. Moreover, the influence of the Reynolds number on the characteristics of the interface between the ambient flow and the plane jet shows some consistent features with that on the CS. The increase of Reynolds number advances the flow transition from laminar to turbulence, which can be detected by the faster build-up of the interface complexity; in the images with larger Reynolds number, a more contorted interface can be seen and interfaces retain a smaller scale, especially in the near field region behind the potential core.
Statistics along the jet centerline
In this section, we present some results on the evolution of the velocity and scalar along the jet centerline. First, the evolution of the mean streamwise velocity and mean scalar along the jet centerline is shown in Fig. 7 , where , , , and denote the mean streamwise velocity at the jet centerline, mean scalar at the jet centerline, mean exit streamwise velocity and mean exit scalar, respectively. In addition, the evolution of the turbulence intensity along the jet centerline is presented in Fig. 8 , where the subscript "rmsc" denotes the root-mean-square value at the jet centerline. Figures 7 and 8 show that, near the jet exit, the mean velocity decay with the higher Reynolds number occurs earlier than for the lower Reynolds number, which can be attributed to the earlier turbulence generation in the shear layer, corresponding to the higher Reynolds number. Consequently, the potential core length is shorter at the higher Reynolds number. We define the length of the potential core as the distance from the jet exit to the location at which 0.99 . The potential core lengths for the three Re conditions are: 5.1 for 3 , 6.1 for , 10.1 for , as shown in Fig. 7 (Right). Behind the potential core region, the decay of the mean streamwise velocity and mean scalar is faster for the lower Reynolds numbers. Moreover, the increase in the turbulence intensity is relatively sharper at the lower Reynolds numbers, where the higher Reynolds number no longer corresponds to the higher turbulence intensity. These two features can be explained by the fact that, in this region, the entrainment is strengthened owing to the larger vortex structure, shown in Fig. 3 , with the lower Reynolds number. However, the above differences in the evolution of the mean and turbulent statistics, because of the varying Reynolds number, are smaller further downstream, which implies that the Reynolds number dependency is weaker in the downstream region of the plane jet compared to that in the near field region.
The experimental data from Deo et al. (2008) were used to verify our simulation results. In their experiments, the jet developed in a stagnant environment, the profile of the mean streamwise velocity at the jet exit was a top-hat, and the fluctuation intensity at the jet exit was measured to be 1% of the mean flow. These same parameters were used in our simulations. The results of Figs. 7 and 8 show that for the flow evolution behind the potential core, there is good agreement between the experimental data of Deo et al. and our simulations. However, a longer potential core and a smaller turbulent streamwise velocity can be observed in our simulations. This can be attributed to the existence of a weak co-flow around the jet in the simulation, because it has been illustrated that the presence of a co-flow can slow the development of the jet to a self-similar state (Everitt and Robins, 1978; Bradbury and Riley, 1967; and LaRue et al., 1997) .
For all three Re conditions in our study, only for the condition with 3 , the plane jet achieved the fine self-similarity in the downstream region of flow, which is characterized by constant values of the turbulence intensities normalized by the streamwise velocity at the jet centerline.
Lateral evolution of the plane jet
Two streamwise locations, 5. ⁄ and 35. ⁄ , are selected to present the lateral evolution of the plane jet. The lateral coordinate is normalized by (the mean half jet width for the velocity field), and (the mean half jet width for the scalar field). 
Streamwise velocity and scalar

Reynolds stress and turbulent scalar fluxes
In this section, lateral profiles of Reynolds stress are shown in Figs. 11(a) and 12(a), and Figs. 11(b), 11(c), 12(b), and 12(c) show the lateral profiles of turbulent scalar fluxes, where 〈 〉 denotes the statistics, calculated by averaging in time as well as across the homogeneous spanwise direction. It can be seen that as the Reynolds number decreases, these parameters increase, especially at 5. ⁄ , which is located in the transitional region of the plane jet. Further, the Reynolds number dependency observed at 35. ⁄ is weaker than that at 5. ⁄ . Furthermore, the peak values of all three variables occur at the location near the half width of the plane jet, which suggests that the net transport of momentum and scalar are stronger at this location (Prandtl, 1925) .
Transport of mean streamwise momentum and mean scalar
Figures 13 and 14 show the lateral evolution of convection terms, i.e., the streamwise convection term, ⁄ , and the lateral convection term, ⁄ , and the turbulent transport terms, i.e., the lateral turbulent transport term, 〈 〉⁄ , and the streamwise turbulent transport term, 〈 〉⁄ , embodied in the mean streamwise momentum transport equation, which are non-dimensionalized by . The mean streamwise momentum transport equation for the plane jet in two dimensions is as follows,
where is the streamwise coordinate, is the lateral coordinate, is the mean streamwise velocity, is the mean lateral velocity, is the turbulent streamwise velocity, is the turbulent lateral velocity, is the mean pressure, and are the streamwise components of the mean strain rate, and is the fluid density. The results show that streamwise convection and lateral turbulent transport dominate in the mean streamwise momentum transport. Additionally, these two terms have negative peak values at the jet centerline, which corresponds to the largest loss of momentum. On the other hand, positive peaks appear at the location near the half width of the plane jet, which corresponds to the largest gain of momentum. The lateral convection presents the antisymmetric feature between the jet zone and the ambient flow zone, which is consistent with the antisymmetric feature of the mean lateral velocity (Suzuki et al. 2010) , i.e., the fluid in the ambient flow zone is entrained into the jet, while the fluid near the jet centerline is brought into the zone near the interface between the jet and the ambient flow.
At 5. ⁄ , when the Reynolds number decreases, the momentum transport is strengthened, due to the convection and turbulent transport. This increase in strength should be connected with the behavior of the larger scale CS. Unsurprisingly, the Reynolds number dependency of the momentum transport also becomes weaker at 35. ⁄ . We also calculated the lateral evolution of four terms in the mean scalar transport at the location ⁄ =15.0, shown by Fig. 15 , which are the streamwise convection term, ⁄ , the lateral convection term, ⁄ , the streamwise turbulent transport term, 〈 〉⁄ , and the lateral turbulent transport term, 〈 〉⁄ , normalized by . The mean scalar transport equation for the plane jet in two dimensions is given as,
where is the mean scalar, is the turbulent scalar, and is the mean value of the source term. Compared with the momentum transport, similar features of the mean scalar transport can be observed.
Furthermore, it should be mentioned that the change from to produces more obvious effects on the flow lateral evolution, which means that the Reynolds number dependency of the plane jet is stronger for the conditions with a low Reynolds number. A similar conclusion was determined in the study of Deo et al. (2008) .
Conclusion
In our research, the DNSs of plane jets with different exit Reynolds numbers have been performed. Based on the instantaneous and statistical results, the following phenomena were investigated: the dynamics of the CS, the features of interface between the ambient flow and the plane jet, the streamwise evolution of variables along the jet centerline, and the lateral profiles of variables at two streamwise locations. In particular, the influence of Reynolds number on the plane jet was discussed in all sections of this paper.
The main results of this paper are summarized as follows.
(1) The plane jet is Reynolds number dependent, which is especially obvious in the near field, but this dependency becomes weaker in the downstream region.
(2) The increase in the exit Reynolds number advances the occurrence and merging of the CS, and induces more small scale CS in the downstream region. Furthermore, the larger scale CS can be detected in the condition with a low Reynolds number.
(3) In the condition with a large Reynolds number, the evolution of the interface is also accelerated, and the topology of interface is more complicated. The evolution of the contortions of interface shows features similar to the evolution of the integral scale.
(4) The transition of the plane jet from the laminar state to the turbulent state is advanced by a large exit Reynolds number; however, in the near field region behind the potential core, the mean streamwise momentum and mean scalar transport are strengthened by the behavior of the large scale CS.
(5) The streamwise convection and the lateral turbulent transport are dominant in the transport of the mean streamwise momentum and mean scalar.
(6) The plane jet shows the stronger Reynolds number dependency in the condition with a low Reynolds number.
